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Introduction

• LHC searches are rapidly closing in on the SM Higgs boson

• With 1-2 fb-1 of data, ATLAS has sensitivity for 140 < mH < 410 GeV

• The H→WW is particularly sensitive in the intermediate mass range

• H→WW*→lνlν  (ee, μμ and eμ) see ATLAS-CONF-2011-134 

• H→WW→lνjj  (e and μ) see ATLAS-CONF-2011-052 

• Focus on lνlν with an expected exclusion of 135-196 GeV (95% CL) 
with L=1.7 fb-1
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The ATLAS Detector
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The H→WW→lνlν Analysis
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The H→WW→lνlν Analysis
5

• The H→WW(*)→lνlν channel 
combines the large H→WW 
branching ratio with a clean 
final state

• Analysis performed for 110 
< mH < 300 GeV

• Recently updated to 1.7 fb-1

• Using high performance b-
tagging algorithm

• Cuts re-optimised in high 
mass region: mH > 220 GeV
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Lepton Selection

• Select events containing exactly two opposite sign leptons (e or μ)

• Cut on dilepton invariant mass to reduce Drell-Yan background

• ee, μμ: mll > 15 GeV, |mll - mZ| > 15 GeV

• eμ: mll > 10 GeV

• Note: systematic error bands include normalisation but not shape 
uncertainty
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Require large missing energy

• Require missing energy to suppress QCD 
and Drell-Yan backgrounds

• Use ET,rel instead of ET,miss

• Same flavour: ET,rel > 40 GeV  

• Opposite flavour: ET,rel > 25 GeV 
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Table 3: The expected numbers of background events after selecting two leptons with opposite charge
and m!! > 15 GeV (meµ > 10 GeV), after applying the Z boson mass veto and after applying the Emiss

T,rel
selections. The observed numbers of events in data are also given in the last column. The background
estimates are entirely from MC and they do not include the W+jets contribution which is fully data-
driven. The uncertainties shown are the combination of the statistical and all systematic uncertainties.

WW Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
m!! > 15 GeV,
meµ > 10 GeV

1380 ± 100 970000 ± 70000 6200 ± 600 630 ± 70 1200 ± 100 970000 ± 70000 997813

|mZ − m!! | > 15 GeV 1220 ± 80 91000 ± 7000 5500 ± 600 560 ± 60 92 ± 9 98000 ± 7000 104253
Emiss

T,rel 660 ± 50 300 ± 200 2700 ± 300 310 ± 40 28 ± 4 4000 ± 500 4051
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Figure 5: Multiplicity of jets with pT > 25 GeV after the cut on Emiss
T,rel. The lower part of the plot shows

the ratio between the data and the background expectation from MC, with the yellow band indicating
the total systematic uncertainty in the normalization (but not the shape) of the various components. The
signal is shown for mH = 150 GeV.
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The leading and sub-leading lepton pT distributions for the ee, the µµ, and the eµ channels are shown in171

Fig. 1. The data is found to be well described by the simulation, although an excess of electrons at low pT172

can be observed. All distributions shown in this note have bands indicating the effect of the uncertainties173

on the normalization of the contributions, but do not include the uncertainties on the shape, which are174

effects that move events from one bin to another within the plot. The shape systematics are taken into175

account in the expectations shown in the tables and used in the limit extraction.176

There are five major sources of backgrounds: QCD multijets, W+jets, Drell-Yan, top quark, and177

diboson production. QCD jets and W bosons produced in association with hadronic jets can be a large178

source of background if a jet is misidentified as a lepton. The requirement of two high-pT leptons largely179

reduces these background sources.180

The Drell-Yan process (γ∗, Υ, Z) produces two high-pT leptons. For the ee and µµ channels, the lower181

bound on the invariant mass m"" > 15 GeV suppresses the γ∗ and Υ events. An additional requirement182

|mZ − m""| > 15 GeV suppresses the Z → ee and Z → µµ contributions. The Z → ττ → "" + Emiss
T183

contribution is suppresed by the cuts on the lepton pT, the Emiss
T (which still tends to be small in these184

events since the neutrinos from the τ decays are usually back-to-back), and the dilepton opening angle in185

the transverse plane (see below). For the eµ channel, m"" > 10 GeV is required. The m"" distributions for186

the ee, the µµ, and the eµ channels are shown in Fig. 2. The shapes of the m"" distributions are in general187

well described by the simulation. A constant normalization factor between data and Monte Carlo (MC)188

of about 5% can be observed in both the ee and µµ channels. Furthermore, there is an excess of events189

at low m"" in the eµ channel. This excess is found to come predominately from events with two jets and190

large Emiss
T and can be attributed to a mis-modeling of the low m"" region in tt̄ events. The η distributions191

of the leptons are shown in Fig. 3. The distributions agree within the uncertainties of the simulation,192

but more leptons are identified in the central region of the detector in the data than is predicted by the193

ALPGEN Monte Carlo. PYTHIA combined with a different PDF set has been found to better describe194

the η distribution of the leptons.195

The remaining QCD and Drell-Yan events are suppressed by a Emiss
T requirement. The quantity Emiss

T,rel
196

is defined as:197

Emiss
T,rel =

{

Emiss
T if ∆φ ≥ π/2

Emiss
T · sin∆φ if ∆φ < π/2

, (1)

where ∆φ is the absolute difference in the azimuthal angle between the Emiss
T vector in the transverse198

plane and the nearest lepton with pT > 15 GeVor jet with pT > 25 GeV. For the ee and µµ channels,199

QCD and Drell-Yan events are suppressed by requiring Emiss
T,rel > 40 GeV. For the eµ channel, which200

only has Drell-Yan background from the ττ channel, this cut is lowered to Emiss
T,rel > 25 GeV. The Emiss

T,rel201

distributions are shown in Fig. 4. The data are well-modeled by the simulation at large values. At202

low values, the disagreement with the MC predictions is within the systematic errors (including shape203

uncertainties not shown in the figure). Other generators (PYTHIA) samples provide a better description204

of the distribution.205

Table 3 gives the numbers of events selected at this stage of the analysis. The jet multiplicity distri-206

bution after the Emiss
T,rel

selection is shown in Fig. 5. To reject top-quark pair production, which leads to207

WW+jet final states, the multiplicity of reconstructed jets is required to be less than two. The next two208

sections describe in more detail the treatment of the remaining backgrounds.209
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Figure 4: The Emiss
T,rel distributions of the ee (top row), µµ (middle row), and eµ (bottom row) channels with

the minimum lepton pTand m!! requirements applied. The left plots are in logarithmic scale and right
plots in linear scale. The lower part of each plot shows the ratio between the data and the background ex-
pectation from MC, with the yellow band indicating the total systematic uncertainty in the normalization
(but not the shape) of the various components. The signal is shown for mH = 150 GeV. The discrepancy
at low Emiss

T,rel
is consistent with the shape uncertainties. The final bin includes the overflow.
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Figure 4: The Emiss
T,rel distributions of the ee (top row), µµ (middle row), and eµ (bottom row) channels with

the minimum lepton pTand m!! requirements applied. The left plots are in logarithmic scale and right
plots in linear scale. The lower part of each plot shows the ratio between the data and the background ex-
pectation from MC, with the yellow band indicating the total systematic uncertainty in the normalization
(but not the shape) of the various components. The signal is shown for mH = 150 GeV. The discrepancy
at low Emiss

T,rel
is consistent with the shape uncertainties. The final bin includes the overflow.
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Jet Multiplicity

• Further categorise events by jet 
multiplicity for jets with pT > 25 GeV,  |η| 
< 4.5

• 0j: Zero jets 

• 1j: Exactly 1 jet, no b-tag

• Different signal sensitivity and 
background composition

• Cuts for 0j: Cuts: pTll > 30 GeV

• Cuts for 1j:

• no tagged b-jets

• pTtot < 30 GeV

• |mττ - mZ| < 25 GeV

8
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Table 3: The expected numbers of background events after selecting two leptons with opposite charge
and m!! > 15 GeV (meµ > 10 GeV), after applying the Z boson mass veto and after applying the Emiss

T,rel
selections. The observed numbers of events in data are also given in the last column. The background
estimates are entirely from MC and they do not include the W+jets contribution which is fully data-
driven. The uncertainties shown are the combination of the statistical and all systematic uncertainties.

WW Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
m!! > 15 GeV,
meµ > 10 GeV

1380 ± 100 970000 ± 70000 6200 ± 600 630 ± 70 1200 ± 100 970000 ± 70000 997813

|mZ − m!! | > 15 GeV 1220 ± 80 91000 ± 7000 5500 ± 600 560 ± 60 92 ± 9 98000 ± 7000 104253
Emiss

T,rel 660 ± 50 300 ± 200 2700 ± 300 310 ± 40 28 ± 4 4000 ± 500 4051
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Figure 5: Multiplicity of jets with pT > 25 GeV after the cut on Emiss
T,rel. The lower part of the plot shows

the ratio between the data and the background expectation from MC, with the yellow band indicating
the total systematic uncertainty in the normalization (but not the shape) of the various components. The
signal is shown for mH = 150 GeV.En
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• Irreducible WW background: topological 
cuts to exploit Higgs mass and spin

• Values optimised in 3 Higgs mass ranges

• Dilepton Invariant Mass, mll

• mll < 50 GeV (mH < 170 GeV)

• mll < 65 GeV (170 <= mH < 220 GeV) 

• 50 < mll < 180 GeV (mH >= 220 GeV)

• Opening angle between leptons, Δϕ
•Δϕ < 1.3 (mH < 170 GeV)

•Δϕ < 1.8 (170 <= mH < 220 GeV)

• Sliding cut on transverse mass, mT

• 0.75 mH < mT < mH (mH < 220 GeV) 

• 0.6 mH < mT < mH (mH >= 220 GeV)
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6 Selection and Background Estimates for H + 0 Jet210

Events which contain two leptons, high Emiss
T,rel

, and no jets with pT > 25 GeV and |η| < 4.5 are considered211

for the H + 0 jet analysis and required to satisfy the following additional cuts:212

• The transverse momentum of the dilepton system, p""T , is required to be at least 30 GeV.213

• The dilepton invariant mass is required to satisfy m"" < 50 GeV and m"" < 65 GeV for predicted214

Higgs boson masses in the regions mH < 170 GeV and 170 ≤ mH < 220 GeV, respectively. For215

mH ≥ 220 GeV, the requirement 50 < m"" < 180 GeV is applied.216

• The two leptons from the Higgs boson decay tend to emerge from the interaction point in the same217

direction because of the spin correlation in the WW system due to the spin zero nature of the Higgs218

boson. Therefore, the dilepton opening angle in the transverse plane, ∆φ"", is required to be less219

than 1.3 (1.8) radians for mH < 170 GeV (mH ≥ 170 GeV). For mH ≥ 220 GeV, this effect is220

reduced by the large invariant mass of the WW system, and the ∆φ"" requirement is therefore not221

applied.222

• The transverse mass, mT, is required to satisfy 0.75 × mH < mT < mH , where the transverse mass223

is defined as [72]224

mT =

√

(E""T + Emiss
T )2 − (p""T + pmiss

T )2, (2)

where E""T =
√

(p""T )2 + m2
""

, |pmiss
T | = Emiss

T and p""T is the transverse momentum of the dilepton225

system. The upper bound used here is motivated by the fact that mT is designed not to exceed mH226

for the signal if Emiss
T is well-measured, and it has the additional feature that it eliminates negative227

interference effects from singly-resonant diagrams [73]. For mH ≥ 220 GeV, this requirement is228

relaxed to 0.6 × mH < mT < mH .229

Table 4 shows the expected numbers of signal and background events after applying each cut, for230

a Higgs boson mass of 150 GeV, in 1.7 fb−1 of integrated luminosity. The rightmost column shows the231

observed numbers of events in the data. The dominant background after all cuts in the H + 0 jet channel232

comes from continuum WW production, with a smaller contribution from top events (tt̄ and single top).233

The distributions of the variables used for the topological selections are compared in Fig. 6 between234

data and MC after the preselection cuts and the jet veto has been applied. The shape of the data is in235

good agreement with the MC predictions. The large uncertainties on the Z/γ∗+jets background is mainly236

coming from the Emiss
T,rel uncertainties. The distributions of the invariant dilepton mass of the two selected237

leptons, after the cut on the transverse momentum p""T of the two selected leptons, is shown in Fig. 7 on238

the left side. The distributions of the azimuthal opening angle ∆φ"", after the invariant mass cut, is shown239

on the right side. The m"" and ∆φ"" distributions show good agreement with simulation, with a small240

excess in the low m"" region where the signal would be. Figure 8 shows the transverse mass distribution241

in the H +0 jet analysis after all cuts except that on the transverse mass. The shape of the mT distribution242

is well described by the simulation. The full systematic uncertainties on the background expections in the243

H+0 jet region for a Higgs boson mass of 150 GeV are 13% for WW , 43% for W+jets, 240% for Z+jets,244

64% for tt̄, 52% for single top and 36% for WZ/ZZ/Wγ, averaged over the three dilepton channels.245

The background MC predictions are normalized using control samples selected in the data with246

similar selections as those used in the signal region. The selection cuts which define the control samples247

are designed to limit the contamination expected from the signal, and the contamination from background248

sources other than the one being considered.249

• The WW background MC prediction is normalised using a control region defined with the same250

selections as for the signal region except that the ∆φ"" and the mT cuts are removed. In addition,251
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Figure 7: The dilepton invariant mass distribution (left) after the cut on the transverse momentum p!!T of
the two selected leptons. The azimuthal opening angle ∆φ!! of the two selected leptons (right) after the
cut on the invariant mass. The expected signal is shown in both plots for mH = 150 GeV. The lower part
of each plot shows the ratio between the data and the background expectation from MC, with the yellow
band indicating the total systematic uncertainty in the normalization (but not the shape) of the various
components. The final bin includes the overflow.

E
n

tr
ie

s 
/ 

1
0

 G
e

V

5

10

15

20

25

30

35

40

45
 Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets (data driven)

 H [150]

ATLAS Preliminary
-1

 L dt = 1.70 fb∫ = 7 TeV, s

 + 0 jetsνlνl→WW→H

 [GeV]TM

60 80 100 120 140 160 180 200 220 240

D
a
ta

 /
 M

C

0.5

1

1.5

2

Figure 8: The transverse mass mT distribution in the H + 0 jet analysis after all the cuts except for the
cut on the mT itself. The expected signal is shown for mH = 150 GeV. The lower part of the plot shows
the ratio between the data and the background expectation from MC, with the yellow band indicating the
total systematic uncertainty in the normalization (but not the shape) of the various components. The final
bin includes the overflow.
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Figure 7: The dilepton invariant mass distribution (left) after the cut on the transverse momentum p!!T of
the two selected leptons. The azimuthal opening angle ∆φ!! of the two selected leptons (right) after the
cut on the invariant mass. The expected signal is shown in both plots for mH = 150 GeV. The lower part
of each plot shows the ratio between the data and the background expectation from MC, with the yellow
band indicating the total systematic uncertainty in the normalization (but not the shape) of the various
components. The final bin includes the overflow.
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Figure 8: The transverse mass mT distribution in the H + 0 jet analysis after all the cuts except for the
cut on the mT itself. The expected signal is shown for mH = 150 GeV. The lower part of the plot shows
the ratio between the data and the background expectation from MC, with the yellow band indicating the
total systematic uncertainty in the normalization (but not the shape) of the various components. The final
bin includes the overflow.
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Table 4: The expected numbers of signal (mH = 150 GeV) and background events for the H+0 jet analysis
in 1.7 fb−1 of integrated luminosity, as well as the observed numbers of events in data. The yields for
the ee, eµ, and µµ channels are added together, the composition in each of the lepton flavor channels is
shown only for the final stage of the selections. The W+jets background is entirely determined from data,
whereas for the other processes the expectations are taken from simulation. The uncertainties shown are
the combination of the statistical and all systematic uncertainties.

Signal WW W + jets Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
Jet Veto 82 ± 17 430 ± 40 70 ± 40 160 ± 150 37 ± 13 28 ± 7 11 ± 3 740 ± 160 738
|P""T | > 30 GeV 79 ± 17 390 ± 40 60 ± 30 28 ± 11 35 ± 12 25 ± 7 10 ± 3 540 ± 80 574
m"" < 50 GeV 56 ± 12 98 ± 13 17 ± 7 12 ± 7 6 ± 3 4.8 ± 1.5 1.2 ± 0.4 139 ± 20 175
∆φ"" < 1.3 48 ± 11 76 ± 10 9 ± 4 8 ± 6 5 ± 2 4.8 ± 1.5 1.1 ± 0.3 105 ± 16 131
0.75 mH < mT < mH 34 ± 7 43 ± 6 5 ± 2 2 ± 4 2.2 ± 1.4 1.2 ± 0.8 0.7 ± 0.3 53 ± 9 70
ee 5.2 ± 1.2 6.2 ± 0.9 0.9 ± 0.4 0.8 ± 1.4 0.3 ± 0.3 0 ± 0.3 0.07 ± 0.05 8.2 ± 1.7 9
eµ 17 ± 4 22 ± 3 2.8 ± 1.3 0 ± 1.3 1.1 ± 0.5 0.8 ± 0.6 0.31 ± 0.19 27 ± 4 32
µµ 11 ± 2 14 ± 2 1.0 ± 0.6 1 ± 3 0.8 ± 1.1 0.4 ± 0.4 0.31 ± 0.09 18 ± 5 29

Table 5: The expected numbers of signal (mH = 150 GeV) and background events in the WW control
region of the H + 0 jet channel in 1.7 fb−1 of integrated luminosity, as well as the observed numbers of
events in data. The W+jets background is entirely determined from data, whereas for the other processes
the expectations are taken from simulation. The uncertainties shown are the combination of the statistical
and all systematic uncertainties.

Signal WW W + jets Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
ee + eµ + µµ 1.4 ± 0.3 190 ± 20 18 ± 15 5 ± 7 22 ± 9 13 ± 4 7 ± 3 250 ± 50 238
ee 0.020 ± 0.011 22 ± 3 3 ± 3 1 ± 5 3.8 ± 1.9 1.1 ± 1.0 0.29 ± 0.09 30 ± 6 45
eµ 1.4 ± 0.3 126 ± 17 14 ± 10 0.9 ± 0.7 13 ± 6 8 ± 2 5 ± 3 170 ± 40 150
µµ 0.030 ± 0.012 38 ± 5 1.6 ± 1.5 4 ± 3 5 ± 2 4.0 ± 1.4 1.1 ± 0.3 53 ± 8 43

Table 6: Fractions P
Btag,Data
1 and P

Btag,MC
1 of b-tagged jets with no additional jets in data and MC,

respectively. The jet veto efficiency for the top background, P2, is estimated as P
Btag,Data
1 times the

quantity in the third column. The background-subtracted number of events in a top-enriched sam-
ple with no jet veto is multiplied by this number to obtain the estimated top background after the
jet veto, NEstimated

Top ("" + Emiss
T , 0 j). The ratio of this estimate to the one derived from Monte Carlo,

NMC
Top("" + Emiss

T , 0 j), is applied to the MC estimate of the sum the tt̄ and single top backgrounds. Note

that this procedure has been performed using only 1.34 fb−1 of data, and the result has been scaled up to
1.7 fb−1. A description of the systematic uncertainties is in the text.

P
Btag,Data
1 P

Btag,MC
1 PMC

2 /(P
Btag,MC
1 )2 NData

Top ("" + Emiss
T ) NEstimated

Top ("" + Emiss
T , 0 j) NMC

Top ("" + Emiss
T , 0 j)

0.18 0.18 0.73 2300 ± 95 65 ± 8(stat) ± 20(syst) 65
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Figure 13: The expected (dashed) and observed (solid) 95% C.L. upper limits on the cross-section,
normalized to the SM cross-section, as a function of the Higgs boson mass, from H→WW (∗)→ !ν!ν
searches (see text for details of the limits extraction procedure). The observed limits at neighboring mass
points are highly correlated due to the limited mass resolution in this final state. The green and yellow
regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively. The jump in the
expected and observed limits at mH = 220 GeVis due to the change in the selection at that point.
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Figure 14: The expected (dashed) and observed (solid) 95% C.L. upper limits on the cross-section,
normalized to the SM cross-section, as a function of the Higgs boson mass, from H→WW (∗)→ !ν!ν
searches in the H+0 jet (left) and H+1 jet (right) final states (see text for details of the limits extraction
procedure). The observed limits at neighboring mass points are highly correlated due to the limited mass
resolution in this final state. The green and yellow regions indicate the ±1σ and ±2σ uncertainty bands
on the expected limit, respectively. The jump in the expected and observed limits at 220 GeV is due to
the change in the selection at that point.

• Exclude a range of Higgs masses with the 0j channel alone

• Kink due to cut change at mH = 220 GeV
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Figure 10: Kinematic distributions relevant to the H + 1 jet analysis after the one jet requirement has
been applied: dilepton invariant mass (top), total transverse momentum (middle), and azimuthal opening
angle (bottom). The expected signal is shown for mH = 150 GeV. The lower part of each plot shows
the ratio between the data and the background expectation from MC, with the yellow band indicating the
total systematic uncertainty in the normalization (but not the shape) of the various components. The final
bin includes the overflow.
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Figure 11: The invariant mass m!! of the two selected leptons after the Z → ττ veto (left), and the
azimuthal opening angle of the leptons after the cut on the invariant mass (right). The expected signal is
shown in both plots for mH = 150 GeV. The lower part of each plot shows the ratio between the data and
the background expectation from MC, with the yellow band indicating the total systematic uncertainty
in the normalization (but not the shape) of the various components. The final bin includes the overflow.
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Figure 12: The transverse mass mT distribution in the H + 1 jet analysis after all the cuts except the cut
on the mT itself. The expected signal is shown for mH = 150 GeV. The lower part of the plot shows the
ratio between the data and the background expectation from MC, with the yellow band indicating the
total systematic uncertainty in the normalization (but not the shape) of the various components. The final
bin includes the overflow.
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Figure 11: The invariant mass m!! of the two selected leptons after the Z → ττ veto (left), and the
azimuthal opening angle of the leptons after the cut on the invariant mass (right). The expected signal is
shown in both plots for mH = 150 GeV. The lower part of each plot shows the ratio between the data and
the background expectation from MC, with the yellow band indicating the total systematic uncertainty
in the normalization (but not the shape) of the various components. The final bin includes the overflow.
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Figure 12: The transverse mass mT distribution in the H + 1 jet analysis after all the cuts except the cut
on the mT itself. The expected signal is shown for mH = 150 GeV. The lower part of the plot shows the
ratio between the data and the background expectation from MC, with the yellow band indicating the
total systematic uncertainty in the normalization (but not the shape) of the various components. The final
bin includes the overflow.
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Table 8: The expected numbers of signal (mH = 150 GeV) and background events for the H+1 j analysis
in 1.7 fb−1 of integrated luminosity, as well as the observed numbers of events in data. The yields for
the ee, eµ, and µµ channels are added together, the composition in each of the lepton flavor channels is
shown only for the final stage of the selections. The W+jets background is determined entirely from data,
whereas for the other processes the expectations are taken from simulation. The uncertainties shown are
the combination of the statistical and all systematic uncertainties.

Signal WW W + jets Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
1 jet 41 ± 7 158 ± 16 31 ± 19 60 ± 60 390 ± 100 140 ± 20 10.7 ± 1.4 800 ± 120 756
b-jet veto 40 ± 7 154 ± 16 29 ± 18 60 ± 50 140 ± 40 54 ± 9 10.6 ± 1.4 450 ± 70 440
Ptot

T < 30 GeV 32 ± 6 127 ± 13 16 ± 9 30 ± 30 90 ± 20 41 ± 7 7.0 ± 0.9 310 ± 50 312
Z → ττ veto 32 ± 6 124 ± 14 14 ± 7 30 ± 20 84 ± 19 39 ± 7 6.8 ± 1.4 300 ± 30 301
m## < 50 GeV 22 ± 5 27 ± 5 2.1 ± 1.0 8 ± 6 17 ± 6 9 ± 2 1.5 ± 0.4 64 ± 10 69
∆φ## < 1.3 19 ± 4 21 ± 4 1.8 ± 0.9 4 ± 5 14 ± 5 8 ± 2 1.2 ± 0.3 50 ± 9 54
0.75 mH < mT < mH 12 ± 3 10 ± 2 0.8 ± 0.4 1.1 ± 1.8 6.9 ± 1.9 3.4 ± 1.4 0.6 ± 0.3 23 ± 4 23
ee 1.7 ± 0.4 1.4 ± 0.4 0.12 ± 0.06 0.07 ± 0.12 0.6 ± 0.3 0.5 ± 0.3 0.10 ± 0.09 2.8 ± 0.7 5
eµ 6.3 ± 1.5 5.7 ± 1.3 0.5 ± 0.3 0.6 ± 1.0 3.7 ± 1.3 2.0 ± 1.0 0.39 ± 0.20 13 ± 3 11
µµ 3.9 ± 0.9 3.3 ± 0.7 0.1 ± 0.2 0.5 ± 0.5 2.6 ± 1.5 1.0 ± 0.9 0.08 ± 0.06 8 ± 2 7

if the b-tagging weight produced by this algorithm is greater than 0.35. This operating point has327

been chosen to have 70% efficiency for b-jets in top MC events [71]. This requirement suppresses328

top backgrounds.329

• The total pT of the Higgs boson plus jet system, defined as the magnitude of the vector sum330

ptot
T = pl1

T +pl2
T +p

j
T +pmiss

T , is required to be smaller than 30 GeV: this selection suppresses events331

with significant soft gluon radiation that recoils against the ## + 1 j system but does not leave high332

pT jets in the detector.333

• Z → ττ rejection: the ττ invariant mass, mττ, is reconstructed using the approximation that the334

neutrinos are collinear with the visible products of the corresponding τ decays, and assuming the335

leptons arise from Z → ττ decays. If the energy fractions xτ1 and xτ2 carried by the visible decay336

products are positive (the collinear approximation does not always yield good solutions) and the337

invariant mass of the hypothetical ττ system is within |mττ − mZ | < 25 GeV, then the event is338

rejected. Note that this cut is only applied in H + 1 j because in H + 0 j the leptons tend to be more339

back-to-back; in such events the mττ reconstruction is less accurate.340

• The event must pass the cuts on m##, ∆φ## and mT described in Section 6.341

Table 8 shows the expected numbers of signal and background events after applying each cut, for mH =342

150 GeV, and 1.7 fb−1 of integrated luminosity. The rightmost column shows the observed numbers of343

events in the data. The distributions of the variables used for the topological selections are compared344

in Fig. 10 between data and MC after the preselection cuts and the requirement of only one jet in the345

event. The m##, ptot
T , and ∆φ## distributions are in good agreement with simulation, although there is346

a small deficit in the low ∆φ## where the uncertainty due to the Drell-Yan background is large. The347

distribution of the dilepton invariant mass after the Z → ττ veto is shown in Fig. 11 on the left side,348

and the distribution of the azimuthal opening angle ∆φ## after the cut on the invariant dilepton mass is349

shown in Fig. 11 on the right side; both distributions are well described by simulation. Figure 12 shows350

the transverse mass distribution from the H + 1 jet analysis after all cuts except that on the transverse351

mass. The distribution is consistent with the background expectation. The systematic uncertainties on352

the background expectations in the H+1 jet region for a Higgs boson mass of 150 GeV are 21% for WW ,353

31% for W+jets, 140% for Z+jets, 26% for tt̄, 31% for single top and 47% for WZ/ZZ/Wγ, averaged354

over the three dilepton channels.355

e.g. mH = 150 GeV
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Figure 13: The expected (dashed) and observed (solid) 95% C.L. upper limits on the cross-section,
normalized to the SM cross-section, as a function of the Higgs boson mass, from H→WW (∗)→ !ν!ν
searches (see text for details of the limits extraction procedure). The observed limits at neighboring mass
points are highly correlated due to the limited mass resolution in this final state. The green and yellow
regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively. The jump in the
expected and observed limits at mH = 220 GeVis due to the change in the selection at that point.
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Figure 14: The expected (dashed) and observed (solid) 95% C.L. upper limits on the cross-section,
normalized to the SM cross-section, as a function of the Higgs boson mass, from H→WW (∗)→ !ν!ν
searches in the H+0 jet (left) and H+1 jet (right) final states (see text for details of the limits extraction
procedure). The observed limits at neighboring mass points are highly correlated due to the limited mass
resolution in this final state. The green and yellow regions indicate the ±1σ and ±2σ uncertainty bands
on the expected limit, respectively. The jump in the expected and observed limits at 220 GeV is due to
the change in the selection at that point.

• Lower sensitivity than 0j but very close the SM cross-section at mH = 
160 GeV

• Good agreement between the observed and expected limits at low 
Higgs mass



H→WW→lνlν Exclusion Limit

• A SM Higgs boson with 154 < mH < 186 GeV is excluded at 95% CL  
by combining 0j and 1j

• Expected exclusion range is 135 < mH < 196 GeV

• Observed limit is within 2σ of the expected limit over the full range 

15

August 23, 2011 – 12 : 49 DRAFT 32

 [GeV]Hm
120 140 160 180 200 220 240 260 280 300

S
M

σ/σ
9
5
%

 C
L
 L

im
it 

o
n
 

-110

1

10

210
Observed
Expected

σ 1 ±
σ 2 ±

ATLAS Preliminary

-1
 Ldt = 1.7 fb∫

 = 7 TeVs

νlνl→(*)
WW→H

CLs Limits

Figure 13: The expected (dashed) and observed (solid) 95% C.L. upper limits on the cross-section,
normalized to the SM cross-section, as a function of the Higgs boson mass, from H→WW (∗)→ !ν!ν
searches (see text for details of the limits extraction procedure). The observed limits at neighboring mass
points are highly correlated due to the limited mass resolution in this final state. The green and yellow
regions indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively. The jump in the
expected and observed limits at mH = 220 GeVis due to the change in the selection at that point.
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Figure 14: The expected (dashed) and observed (solid) 95% C.L. upper limits on the cross-section,
normalized to the SM cross-section, as a function of the Higgs boson mass, from H→WW (∗)→ !ν!ν
searches in the H+0 jet (left) and H+1 jet (right) final states (see text for details of the limits extraction
procedure). The observed limits at neighboring mass points are highly correlated due to the limited mass
resolution in this final state. The green and yellow regions indicate the ±1σ and ±2σ uncertainty bands
on the expected limit, respectively. The jump in the expected and observed limits at 220 GeV is due to
the change in the selection at that point.



Significance and p-values

• Compare expected significance as a function of Higgs boson mass to 
measured significance

• ~2σ excess for mH < 150 GeV, smaller than that observed with 1 fb-1

• p-value is consistent with background only hypothesis within 2σ

16
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Figure 15: The expected (dashed) and observed (solid) signal significances for a SM Higgs boson pro-
duction as a function of the hypothesized Higgs boson mass. The observed significances at neighboring
mass points are highly correlated due to the limited mass resolution in this final state.

10 Conclusion457

A search for the Standard Model Higgs boson has been performed in the H→WW (∗)→ !ν!ν channel458

using 1.7 fb−1 of pp collisions recorded by the ATLAS detector. No significant excess of events over the459

expected background has been observed. A Higgs boson with a mass in the range from 154 GeV to 186460

GeV is excluded at 95% Confidence level, while the expected exclusion range is 135 ≤ mH ≤ 196 GeV.461
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Figure 16: The expected (dashed) and observed (solid) probabilities for the background-only scenario,
p0, as a function of the Higgs boson mass from H→WW (∗)→ !ν!ν searches.
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Figure 17: The expected (dashed) and observed (solid) signal significances for a SM Higgs boson pro-
duction as functions of the hypothesized Higgs boson mass in the H+0 jet (left) and H+1 jet (right) final
states. The observed significances at neighboring mass points are highly correlated due to the limited
mass resolution in this final state.



The H→WW→lνqq Analysis
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The H→WW→lνqq Analysis
18

• At larger Higgs mass, it becomes possible to separate the 
H→WW→lνqq decay from the large backgrounds

• Analysis performed for 240 GeV < mH < 600 GeV

• Greatest sensitivity for mH = 500 GeV

• Select events containing one lepton, large ET
miss and jets

• Exactly one lepton (e, μ) with pT > 30 GeV

• ET
miss > 30 GeV

• Either 2 or 3 jets with pT > 25 GeV within |η| < 2.4

• Two jets with 71 < Mjj < 91 GeV

• Veto events if any jet is b-tagged

• Reconstruct Higgs mass (Mlνqq) by imposing Mlν=MW and Mqq=MW

• Search for bump in the Mlνqq distribution above the strongly falling 
background



Selection and Mass Distributions
19

July 29, 2011 – 15 : 55 DRAFT 4

H(eνqq) + 0j H(µνqq) + 0j H(eνqq) + 1j H(µνqq) + 1j H + 0j or 1j
W/Z+jets 10780 ± 290 13380 ± 870 6510 ± 250 7410 ± 670 38080 ± 1170
Multi-jet 890 ± 24 256 ± 17 669 ± 25 212 ± 19 2027 ± 43
Top 170 ± 34 164 ± 33 489 ± 98 500 ± 100 1330 ± 270

Dibosons 397 ± 79 414 ± 83 161 ± 32 204 ± 41 1180 ± 240
Total Background 12240 ± 300 14210 ± 870 7830 ± 270 8330 ± 680 42600 ± 1200

Observed 11988 13906 7543 8250 41687
Signal (400 GeV) 14 ± 3.6 12 ± 3.1 18 ± 4.7 14 ± 3.6 58 ± 15

Table 3: Expected and observed event yields in 1.04 fb−1 of data, for Standard Model Higgs boson signal
production and various backgrounds after the full event selection for H + 0 j and H + 1 j. The multi-jet
and W/Z+jets contributions result from the fits to the EmissT distributions in each channel, as described in
Appendix A. For the W/Z+jets and MJ backgrounds, the uncertainties are taken from the fit to the EmissT
distribution which normalizes these backgrounds. For signal, top and diboson, the quoted uncertainties
are JES (±17%), cross-section (±10% for both top and diboson), and luminosity (±3.7%), added in
quadrature. Statistical errors are small compared to these uncertainties.

cut is expected (based on simulation) to be 50% efficient for b jets in tt events, and the efficiency105

and mistag rate of this b-tagging cut have been measured in data using the methods described in106

Ref. [51].107

Table 3 shows the expected event yields for signal and background after these cuts, for H+0 j and H+1 j108

events separately. The rightmost column shows the total expected event counts in 1.04 fb−1. A dedicated109

analysis for H + 2 j events is discussed in Appendix F.110

An approximate invariant mass for the Higgs boson candidate is reconstructed by solving the mass111

constraint equation Mlν = MW for the unmeasured z-momentum of the neutrino, taking the transverse112

components of the neutrino momentum to be the x and y components of the measured EmissT . The mass113

constraint equation can have real or complex solutions. In the case of a complex solution, the event is114

rejected, while in the case of two real solutions, the solution with smaller |pνz | is taken. The hadronically115

decaying W candidate is reconstructed by selecting the pair of jets whose dijet invariant mass is closest116

to the W mass.117

Figure 2 shows the invariant mass distribution of theWW system, M"νqq, in data and Monte Carlo, for118

theH+0 j analysis (left) and for the H+1 j analysis (right). Figure 3 shows the same distributions summed119

together (left) and the difference between the data and the background estimate described in Section 5120

(right). The figures show the signal for a representative Higgs boson mass of 400 GeV. (The shape and121

normalization of the M"νqq distribution has been checked in control samples defined by sidebands in Mqq,122

and good agreement between data and Monte Carlo is observed. Details are given in Appendix C.) The123

data are consistent with background in shape and even, to a large extent, in normalisation.124

5 Background Extraction and Limit-Setting125

A maximum likelihood fit to the M"νqq distribution is performed to normalize the background to data126

and to extract the signal. The fit models the background as a sum of two falling exponential functions.127

Appendix D discusses studies which justify the use of this functional form. The signal is modeled in the128

fit using a histogram of the signal Monte Carlo.129

Events are separated by jet multiplicity (H + 0 j and H + 1 j) as described above. Events where130

the lepton is an electron and events where the lepton is a muon contribute to the likelihood function as131

Dominant backgrounds are W/Z+jets
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The H→WW→lνqq Exclusion Limit
20

• Signal extracted using a maximum likelihood fit to the background 
modelled by the sum of two exponentials

• For 350 < mH < 420 GeV, the 95% CL is ~2.7 x SM cross-section

• Expected limit in this range is ~4 x SM cross-section

July 29, 2011 – 15 : 55 DRAFT 7
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Figure 4: The expected and observed 95% confidence level upper limits on the Higgs boson production
cross-section in 1.04 fb−1 of data. The background estimate used in the calculation of this limit is taken
from the fit to the M!νqq distribution.



Conclusions

• Presented latest results from ATLAS in the H→WW→lνlν and 
H→WW→lνqq channels

• No evidence (yet) for the Higgs boson

• H→WW→lνlν analysis excludes the SM Higgs for 154 < mH < 186 
GeV at 95% CL

• cf. expected exclusion range: 135 < mH < 196 GeV

• H→WW→lνqq channel obtains a limit of ~2.7σSM

• A small deviation of ~2σ between the expected and observed limits is 
observed in the range 110 < mH < 150 GeV in the H→WW→lνlν 
analysis

• Neighbouring mass points are highly correlated due to the mass 
resolution

• Stay tuned as we close in on the SM Higgs boson!

21



Back up
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H→WW→lνlν in 2011
23
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Systematic Uncertainties
24
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Table 2: Experimental sources of systematic uncertainty per object or event.

Source of Uncertainty Treatment in the analysis
Jet Energy Resolution (JER) ∼ 14%, see Ref. [69]
Jet Energy Scale (JES) Takes into account close-by jets effect, jet flavor composition uncertainty

and event pile-up uncertainty in addition to global JES uncertainty
Global JES < 10% for pT > 15 GeV and |η| < 4.5, see Ref. [70]
Pile-up uncertainty 2-5% for |η| < 2.1 and 3-7% for 2.1 < |η| < 4.5
These are summed in quadrature before application.

Electron Selection Efficiency Separate systematics for electron identification,
reconstruction and isolation, added in quadrature
Total uncertainty of 2-5% depending on η and ET

Electron Energy Scale Uncertainty smaller than 1%, depending on η and ET

Electron Energy Resolution Energy varied within its uncertainty, 0.6% of the energy at most
Muon Selection Efficiency 0.3-1% as a function of η and pT

Muon Momentum Scale η dependent scale offset in pT, up to ∼ 0.13%
Muon Momentum Resolution pT and η dependent resolution smearing functions, ≤ 5%
b-tagging Efficiency pT dependent scale factor uncertainties, 5.6-15%, see Ref. [71]
b-tagging Mis-tag Rate up to 21% as a function of pT, see Ref. [71]
Missing Transverse Energy 13.2% uncertainty on topological cluster energy

Electron and muon pT changes from smearing propagated to MET
Effect of out-of-time pileup: MET smeared by 5 GeV in 1/3 of MC events

Luminosity 3.7% [25]

Furthermore, the lepton and the jet candidates are refined by restricting their physical overlap in ∆R148

space. A jet candidate is not considered if it is within ∆R of 0.3 of an electron candidate. An electron149

candidate is not considered if it is within ∆R of 0.1 of a muon candidate or another electron candidate150

with a larger value of pT.151

Jets are tagged as being due to a b-quark using the b-tagging IP3D+JetFitter algorithm [67]; see152

Section 7. The simulation is corrected with measurements of the efficiency and mistag rates in data153

using the prel
T

method described in Ref. [68]. The operating point chosen for the b-tag selection is154

approximately 70% efficient in ttbar MC events, which is 20% larger than the b-tag selection used in155

Ref. [23].156

The detector-related sources of the systematic uncertainties are listed in Table 2. These sources157

include the physics object reconstruction and identification efficiencies, the momentum or energy reso-158

lutions, and the momentum or energy scales. The lepton efficiencies were checked with tag-and-probe159

methods using Z → "", J/ψ→ "", and W → "ν events in data.160

5 Event Selection Common to H + 0 Jet and H + 1 Jet Analyses161

This section describes the event preselection, as well as the sources of background and the associated162

rejection criteria. The background contribution depends on the final-state lepton-flavor combination,163

which are denoted as the ee, the µµ, and the eµ channels.164

Events are preselected to have a primary vertex that is consistent with the beam spot position and has165

at least three associated tracks. Overall quality criteria are applied to suppress fake Emiss
T produced by166

non-collision activity such as cosmic rays, beam-related backgrounds, or noise in the calorimeter.167

A H→WW (∗)→ "ν"ν candidate sample is selected by requiring two opposite-sign leptons with no168

additional leptons in the event. The leading lepton, corresponding to the triggering object, is required to169

have pT > 25 GeV and the sub-leading lepton pT > 20 GeV for electrons and pT > 15 GeV for muons.170



Z→ττ Rejection
25

• Reconstruction mττ by assuming

• leptons arise from Z→ττ decays 

• neutrinos are collinear with the leptons

• Reject the event when

• the energy fractions of the visible decay products are positive

• i.e. xτ1 > 0 and xτ2 > 0 

• and the invariant mass is consistent with the Z

• i.e. |mττ - MZ| < 25 GeV

• Only applied in H + 1j, because in H+0j the leptons are more often 
back-to-back


